Objective-Temporal Lobe Epilepsy (TLE) affects brain areas beyond the temporal lobes due to connections of the hippocampi and other temporal lobe structures. Using functional connectivity MRI, we determined the changes of hippocampal networks in TLE to assess for a more complete distribution of abnormality.
Introduction
Temporal Lobe Epilepsy (TLE) is the most common type of epilepsy in adults. Although it primarily affects the temporal lobes, TLE is thought to be a network disease with widespread extra-temporal effects. [1] [2] [3] Structural and functional changes have also been shown beyond the temporal lobes in TLE using MRI 4, 5 , EEG 6, 7 , neuropsychology testing 1, 2 , fMRI [8] [9] [10] , SPECT studies 11, 12 and Diffusion Tensor Imaging (DTI). 13, 14 One or both hippocampi are commonly involved in TLE, and this is often visible as hippocampal sclerosis (HS) in structural MRI. Hippocampal involvement can also occur in TLE without HS and also in neocortical TLE. 15 Based on these findings, the hippocampus is apparently a key component in the network abnormality of TLE and may produce widespread network changes due to the distributed nature of hippocampal connections involving entorhinal input, fornix output, and integration in the default mode network (DMN).
Hippocampal networks in TLE have been studied using intracranial EEG. 6, 16, 17 Although intracranial EEG has excellent temporal resolution, the brain coverage in these studies is necessarily limited to the immediate areas surrounding the intracranial electrode contacts. Evaluation of brain networks using functional connectivity of resting state fMRI is a relatively new technique that has been used successfully to identify brain networks in several conditions, including Alzheimer's disease, fronto-temporal dementia, depression, schizophrenia, and autism. 18 Compared to traditional fMRI, functional connectivity MRI (fcMRI) has advantages of not requiring a task during imaging and of having a stronger imaging signal. 18, 19 This technique has the advantage over intracranial EEG of sampling the whole brain. Its reported use to date in TLE illuminates the potential to depict the pathophysiology of network changes. 9, 10, [20] [21] [22] [23] In the present study, we used ROI-based fcMRI to further evaluate the changes in hippocampal networks in TLE during the inter-ictal state to better understand the impact of TLE on brain function. Results complement previous studies and further the understanding of the TLE networks. They also allow for an evaluation of the difference between left and right TLE.
Methods

Subjects
The study sample of 40 participants included 11 with right TLE, 13 with left TLE, and 16 controls ( Table 1) . Written informed consent was obtained prior to scanning from all participants in accordance with guidelines of the University of California, Los Angeles (UCLA) Institutional Review Board that approved the study and in compliance with the 1964 Declaration of Helsinki. Control participants were recruited locally at UCLA. Each control participant had a normal structural MRI and none had a history of neurologic illness or was taking a neurologic medication. Epilepsy participants were patients of the UCLA Seizure Disorder Center who had undergone comprehensive diagnostic testing and were found to be candidates for anteromesial temporal lobe resective epilepsy surgery. The diagnostic evaluation included video-EEG monitoring, high resolution MRI, FDG-PET scanning and neuropsychological testing ( Table 1 ). All of these participants underwent epilepsy surgery, and post-operative seizure freedom was assessed at the most recent followup visit.
Patients remained on their regular medications during the fMRI. None of the patients had a seizure in the 24 hours preceding the imaging. All participants were instructed to relax with eyes closed during imaging. No auditory stimulus was present except for the acoustic noise from imaging. None of the patients had seizures during the study as confirmed by the simultaneous EEG obtained during fMRI as part of a related study. The EEG results were not included in the data analysis other than to exclude seizures. Details of the simultaneous EEG methods are described in Stern et al. 24 
Imaging
Imaging was performed with a 3T MRI system (Siemens Trio, Erlangen, Germany). Functional imaging was performed with the following parameters: TR=2000 ms, TE=30 ms, FOV=210 mm, matrix= 64 × 64, slice thickness 4 mm, 34 slices. High-resolution structural images were obtained during the same imaging study with the parameters: TR=20 ms, TE=3 ms, FOV = 256 mm, matrix = 256 × 256, slice thickness 1 mm, 160 slices. The images were acquired in the axial plane using a spoiled gradient recalled (SPGR) sequence for the anatomical images and an echo planar imaging (EPI) sequence for the functional images. The imaging sessions included multiple simultaneous EEG and fMRI recordings, each lasting 5 to 15 minutes and combining to include 28 to 60 minutes of fMRI in total.
Pre-Processing
Pre-processing of the fMRI data was performed using FSL (fMRIB Software Library) version 5.0.2 (Oxford, UK, www.fmrib.ox.ac.uk/fsl) 25, 26 which included head movement artifact removal 27 , non-brain tissue elimination 28 high-pass filtering (100 sec), spatial smoothing at 5 mm full-width half-maximum, and mean-based intensity normalization as described previously for resting state fMRI analyses. 29, 30 The following were included as temporal covariates and regressed out using linear regression:6 motion parameters, white matter signal, cerebrospinal fluid signal, global mean signal, and their associated derivatives. This model also included voxel-wise regressors for additional 'motion scrubbing' 31 done by identifying and omitting TRs that showed instantaneous changes in BOLD intensity that exceeded threshold (75 th percentile + 1.5 × inter-quartile range). The normalized residuals from this analysis were then used in the seed based analysis, using a minimum of two completed consecutive runs of 10 minutes each (total 20 minutes) for each participant. Scan durations ranged between 28-60 minutes per participant.
Statistical methods
The residuals from the above analysis were filtered through a low pass filter (<0.1Hz) and then used in the ROI-based correlation analysis. ROIs were selected to include the whole left and right hippocampus and were defined manually using the MNI template.
Subsequently these ROIs were transformed from the standard MNI space to each subject's individual functional brain space. Partial correlations between voxels within the ROI and all other voxels in the brain were calculated separately for each run of each subject. To combine these values across runs, we applied a Fisher's Z transform (FZT) to the correlation maps calculated in the previous step. The residuals from the first nuisance analysis were conditioned for the FZT by removing the mean and dividing by the standard deviation, thus centering the distribution around zero and setting the standard deviation to 1. Ordinary least squares (OLS) simple mixed effect analysis was used to combine data over runs within each subject and subsequently, to combine estimates between subjects in a group model. The group analysis was performed voxel-wise, using a one-way ANOVA with three levels corresponding to the three groups (left TLE, right TLE, and control subjects). Specific contrasts performed included: 1) TLE (combined left and right) greater than control, 2) control greater than TLE (combined left and right), 3) left TLE greater than controls, 4) control greater than left TLE, 5) right TLE greater than controls, 6) control greater than right TLE, 7) left TLE greater than right TLE, and 8) right TLE greater than left TLE. Gaussian field theory was used to threshold Z statistic images, using a cluster forming threshold of Z>2.0 and a corrected cluster significant threshold of p=0.05. 32 A reverse transform of the earlier FZT was performed to help with interpretation of the resulting parametric maps. SPSS Statistics, Release Version 17 (SPSS Inc., Chicago) was used to analyze between group differences in the demographic and epilepsy-related measures. The age and gender were compared between the three groups using Kruskal-Wallis and Chi-squared tests respectively. Among patients, the age at epilepsy onset, epilepsy duration and seizure frequency were compared using the Mann-Whitney U test.
Results
The clinical characteristics of the participants are given in Table 1 . There were 15 control subjects (5 females) with a mean ± SD age of 32.1 ± 11.1. Comparison of demographic-and epilepsy-related characteristics between the subjects is shown in Table 2 . The presumed underlying etiology of TLE based on pre-surgical MRI and tissue histopathology was heterogeneous ( Table 1) with mesial temporal sclerosis being the most common etiology; MRI evidence suggested that seven out of twelve patients with left TLE and four out of eleven patients with right TLE had hippocampal sclerosis (Table 1) . Tissue sample integrity did not always allow for histopathological confirmation of this diagnosis.
The results of the hippocampal connectivity comparisons between the different groups are shown in Figure 2 and detailed in Table 3 . Compared to controls, TLE was associated with greater connectivity involving bilateral temporal lobes, insula, fornix, frontal poles, angular gyrus, basal ganglia, thalamus, and cerebellum. In addition there was reduced connectivity with the occipital pole, calcarine, lingual, precuneus, sensorimotor cortex and parts of insula and frontal lobes as well as medial frontal areas in TLE. Similar patterns were seen in left and right TLE, but were overall more prominent in left TLE than in right TLE. Particular differences between left and right TLE included absence of reduced connectivity in the sensorimotor cortex in right TLE. Direct comparison of left TLE connectivity greater than right TLE showed signal in the left sensorimotor areas. Comparison of right TLE greater than left TLE did not show significant differences (supplementary figure 1). The connectivity of the ipsilesional hippocampus was reduced to the ventro-medial pre-frontal cortex; otherwise, the connectivity of either hippocampus was equally involved regardless of the side of ictal onset ( Figure 2 ).
The groups were also divided into patients with and without mesial temporal sclerosis (visible in MRI/pathology). Comparison of these groups to controls (supplementary figure 2A-2D) showed findings similar to those seen with TLE ( Figure 2 ). Visual comparison of these groups to each other showed more robust and bilaterally symmetric signal increases as well as medial frontal signal decreases with MTS (supplementary figure 2A-2D). However direct statistical comparison did not show any significant differences (supplementary figure 2E, 2F).
Discussion
We analyzed the functional connectivity of the left and right hippocampal ROIs in TLE using fcMRI. With a network perspective, the areas of increased connectivity involved several key areas of the limbic system (insula/planum polare, fornix, and thalamus) and frontal lobes and reduced connectivity with areas of the sensorimotor systems(visual, somatosensory, auditory, primary motor). Our findings of widespread changes in hippocampal functional connectivity throughout the cerebral hemispheres and brainstem is consistent with other studies in TLE using structural MRI, SPECT, PET, and intracranial EEG. 4-6, 8-11, 23, 33 Prior depth electrode studies have also examined limbic connectivity using evoked potentials showing prominent connections between parts of the hippocampus and the entorhinal cortex, amygdala, insula, and lateral temporal cortex, parahippocampal gyrus, posterior cingulate gyrus, medial superior frontal gyrus and orbitofrontal cortex, although comparison to healthy controls is obviously not possible. 34, 35 Two previous reports have described hippocampal connectivity using fMRI ROI analysis in right and left TLE. 20, 21 Our results are similar to these studies in showing reduced connectivity of the hippocampus with areas of posterior DMN (precuneus). Similar to our findings, reduced connectivity of the calcarine cortex in right TLE was seen in one of these studies 21 and reduced connectivity with the anterior DMN in the other. 20 Unlike these previous studies which showed reduced connectivity with the limbic areas, we observed both decreased connectivity to parts of the insula as well as increased connectivity involving the limbic structures including temporal lobes, insula, fornix and thalamus. In addition, we observed increased connectivity with other brain regions including frontal lobes, basal ganglia, brainstem and cerebellum unlike the previous studies which did not find areas of increased hippocampal connectivity. Also discordant to the previous studies, we found areas of reduced connectivity in the somatosensory, auditory and primary motor cortex. We found similar connectivity changes in both hippocampi unlike the prior studies quoted which showed greater connectivity reduction in the abnormal hippocampus. These differences in connectivity findings may be related to several factors, including seed characteristics and image analysis techniques and their thresholds; however, the higher threshold is not the basis for the difference. Although the anatomical extent of our results decreases when we use the higher threshold, the distribution of the results remains the same. Functional connectivity studies using other techniques have also been done in TLE, although not in lateralized TLE and are described below in the context of our findings.
Connectivity changes in different networks
The neurophysiologic basis of functional connectivity in fMRI is unclear. Increased EEG functional connectivity can correspond to decreased fMRI functional connectivity. 7 Reduced functional connectivity between areas of the brain can be associated with increased connectivity elsewhere to compensate for the resulting functional disconnection. 9, 33, 36 Overall, patterns of altered connectivity imply abnormal brain networks and allow contemplation of potential clinical associations as discussed below that could guide future research.
Temporal lobe/Limbic-Our findings of mostly increased hippocampal-limbic connectivity correspond to previous reports of increased functional connectivity in the insula and thalamus. [37] [38] [39] Other reports have also suggested reduced temporal lobe functional and structural connectivity in TLE. 14, [20] [21] [22] Limbic networks are also involved in psychiatric disorders and several areas of altered connectivity that we observed including the insula, lateral frontal poles and bilateral lingual gyri have also been noted to be altered in depression. 40 Frontal lobe-Frontal lobe dysfunction in TLE has been shown by behavioral tests, PET and SPECT imaging. 1, 11, 41 Increased bidirectional functional connectivity between the contra-lesional inferior frontal gyrus and the medial temporal lobe has been shown in TLE with magentoencephalogram (MEG) dynamic causal models of working memory. 42 We found increased bi-frontal and right lateral frontal connectivity in TLE in agreement with prior reports of increased right frontal connectivity in TLE. 10 We did not find frontal connectivity changes in right TLE consistent with the more prominent frontal lobe dysfunction thought to exist in left TLE. 2, 43 Reduced frontal connectivity maybe related to memory loss, inter-ictal psychosis and language impairment in TLE. [44] [45] [46] Basal Ganglia and Brainstem-We saw areas of increased connectivity in the basal ganglia, upper brainstem, and cerebellum. Increased connectivity of the putamen and brainstem in TLE has been noted previously, although the intrinsic cerebellar connectivity was found to be reduced. 36, 37, 47, 48 Increased connectivity of the thalami, brainstem and cerebellum in generalized seizures has also been reported. 38 Default mode network (DMN)-DMN involvement in TLE has also been reported by us and other groups. 8, 9, 20, 33, 36, 49 Our current findings of reduced connectivity between the hippocampi and the precuneus could be related to defects in the structural white matter connections between these integral parts of the DMN. 50, 51 DMN involvement could be related to involvement of subconscious mental processing and the altered consciousness with complex partial seizures. 51
Sensory networks-Strikingly, the areas of reduced connectivity we found in TLE correspond to areas of the sensorimotor cortex including somatosensory, auditory and visual cortex. Reduced connectivity in visual, auditory and sensory networks have been reported in TLE and in generalized epilepsy. 36, 49, 52, 53 Behavioral and neurophysiological studies show deficits in somatosensory and auditory perceptions in TLE although visual perception has been reported to be unaffected. [54] [55] [56] [57] [58] Motor network-We also found reductions in pre-central connectivity. The significance of this finding is unclear. Motor abnormalities are not well-documented in TLE although studies in rats show reorganization of the motor cortex with hippocampal seizures. 59
Significance of lateralized changes
We find greater connectivity changes in left TLE compared to right TLE. Differences in functional connectivity between left and right TLE have been noted before by us and others. 7, 9, 20, 21, 60 In addition to the pathophysiologic significance of more extensive abnormality in left TLE, this asymmetry also holds the potential for differentiating left from right TLE.
Previous reports have differentiated left and right TLE based on other fMRI connectivity changes. Basal connectivity of the temporal lobes in mesial TLE was found to be decreased in the ipsilesional and increased in the contra-lesional side. 22 A study using simultaneous fcMRI and DTI found areas of reduced connectivity in right TLE that were similar to areas of reduced connectivity we observed including the temporal lobe, posterior DMN, frontal cortex and sensorimotor cortex. Concordant to our findings of greater connectivity increase in left TLE, they found more preserved connectivity in left TLE compared to right TLE. 13
Limitations
The two epilepsy groups were homogeneous in their clinical evaluations, but the individual participants differed in the underlying etiologies (Table 1 ). It is plausible that distinct TLE subtypes may have different effects on brain networks. However, our data suggest that the uneven distribution of hippocampal sclerosis in the left versus right TLE groups does not account for the lateralized differences as tested by a comparison of patients with MTS versus those without MTS (supplementary Figure 2 ). Since the functional abnormality, as clinically manifested, was homogeneous within each epilepsy group, a grouping as right and left TLE is reasonable. Another potential confound is the variation in the anti-epileptic drugs (AEDs) used in our epilepsy groups. It is likely that AEDs affect functional connectivity due to their effect on the brain. The large number of available AEDs and the complexity of therapeutic regimens necessary in patients with pharmacoresistant epilepsy make it difficult to disentangle the effects of epilepsy versus AEDs and remain the most significant limitation of this, and other similar studies. Handedness is another possible confound that may influence our results. 19 However, the four left-handed participants had left hemispheric dominance for language, as identified with the intracarotid amobarbital test, which minimizes the likelihood of a handedness effect. Another limitation is the potential for drowsiness or sleep affecting the subject groups disproportionately and affecting connectivity given the duration of the scans.
Conclusions and future directions
Using functional connectivity MRI, we identify hippocampal network changes in TLE that indicate a broad extent of dysfunction and widespread brain involvement in TLE. The connectivity changes in the right and left hippocampus are similar in both left and right TLE, and the greater changes in hippocampal connectivity seen in left TLE compared to right TLE could be related to the larger network involvement encountered in this TLE subtype.
Connectivity abnormalities have potential for clinical relevance and correlation. They may help characterize TLE, which ultimately may assist with diagnosis, they may provide insights into neurological deficits associated with TLE, such as memory, mood, and executive function, and they may benefit invasive treatments through a more accurate understanding of TLE's functional anatomy.
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